The epithelium of the small intestine is the most rapidly self-renewing tissue in mammals. We previously demonstrated the existence of a long-lived pool of cycling stem cells defined by Lgr5 expression at the bottom of intestinal crypts. An Lgr5-eGFP-IRES-CreERT2 knockin allele has been instrumental in characterizing and profiling these cells, yet its low level expression and its silencing in patches of adjacent crypts have not allowed quantitative gene deletion. Olfactomedin-4 (Olfm4) has emerged from a gene signature of Lgr5 stem cells as a robust marker for murine small intestinal stem cells. We observe that Olfm4 null animals show no phenotype and report the generation of an Olfm4-IRES-eGFPCreERT2 knockin mouse model that allows visualization and genetic manipulation of Lgr5+ stem cells in the epithelium of the small intestine. The eGFPCreERT2 fusion protein faithfully marks all stem cells in the small intestine and induces the activation of a conditional LacZ reporter with robust efficiency.
INTRODUCTION
Intestinal crypts contain stem cells and their transit-amplifying (TA) daughter cells. Cells exiting the proliferative crypts onto the villi terminally differentiate into enterocytes, goblet cells, and enteroendocrine cells. Paneth cells escape the crypt-villus flow by migrating to crypt bottoms, where they live for several weeks (Bjerknes and Cheng, 2006) . With the exception of stem cells and Paneth cells, the murine small intestinal epithelium is renewed approximately every 5 days (van der Flier and Clevers, 2009) . About 14 Lgr5+ stem cells reside intermingled with the Paneth cells at the very bottom of the crypts, where they divide and give rise to all the cell types mentioned above (Barker et al., 2007; Snippert et al., 2010) . A second pool of long-lived, label-retaining cells has been postulated to exist at a position directly above the Paneth cells (Potten, 1977; Potten et al., 1974) . These so-called +4 cells express markers such as Bmi1 (Tian et al., 2011) , Lrig1 (Powell et al., 2012) , and HopX (Takeda et al., 2011) . Paradoxically, Lgr5+ stem cells also express these markers (Muñoz et al., 2012) . A recent study reconciled these findings by showing that noncycling Paneth/enteroendocrine cell precursors coexpress Lgr5 and the +4 markers, and can revert to an Lgr5-stem cell phenotype upon damage (Buczacki et al., 2013; Muñoz et al., 2012; reviewed in Clevers, 2013) .
Intestinal stem cells were identified and initially characterized with the use of an Lgr5-eGFP-IRES-CreERT2 allele (Barker et al., 2007) . This model has proved to be very useful for such studies, but selective silencing of the mutant allele consistently leads to a mosaic expression of the GFP and CreERT2 proteins in patches of crypts. Silencing is limited in the duodenum but is rather extensive in the distal small intestine. Homozygotes of this model cannot be used because of the perinatal mortality of Lgr5 null pups (Morita et al., 2004) . Additionally, studies have described Lgr5-DSRED-IRES-CreERT2 and Lgr5-DTReGFP alleles (Tian et al., 2011) that make use of the specific expression pattern of Lgr5. However, these two models also abolish Lgr5 expression, preventing the generation of high-markerexpressing homozygous animals. Furthermore, the expression levels of Lgr5 are very low, which makes it challenging to use alternative techniques, such as in situ hybridization and immunohistochemistry, to visualize the stem cells (Kemper et al., 2012; Tian et al., 2011) . We previously generated a differential gene-expression profile for Lgr5 stem cells and their immediate daughters by GFP-based sorting of epithelial cells from isolated crypts of Lgr5-EGFP-ires-CreERT2 mice. When expression of individual genes was tested by in situ hybridization analysis, Olfm4 emerged as a highly specific and robust marker for Lgr5 stem cells. The highly stem cell-specific expression pattern of Olfm4 was also confirmed by single-molecule fluorescent in situ hybridization and mass spectrometry (Muñoz et al., 2012) . Although Olfm4 was not expressed in murine colon, human OLFM4 has been found to be enriched in both small intestinal and colonic crypts, as well as in subsets of colorectal carcinomas (van der Flier et al., 2009a) .
The OLFM4 gene was originally cloned from human myeloblasts. It encodes for a 54 kDa protein of unknown function, which was predicted to be secreted (Zhang et al., 2002) . Subsequently, it was shown that Xenopus ONT1, an Olfactomedin family member, acts as a BMP antagonist (Inomata et al., 2008) . Additionally, an Olfm4 knockout mouse model was generated, which showed a function for Olfm4 in repressing the immune system to facilitate sustained Helicobacter pylori infection (Liu et al., 2010) . In this context, Olfm4 was identified as an NFkB target. Loss of Olfm4 has been associated with progression of prostate cancer (Chen et al., 2011; Li et al., 2013) and Olfm4 was reported to be a Notch target in intestinal progenitor cells (VanDussen et al., 2012) . Although the function and regulation of Olfm4 within the intestinal epithelium remain to be fully elucidated, the highly specific expression pattern of this gene in intestinal crypt stem cells prompted us to generate a knockin (KI) mouse line with the aim to generate a robust tool for visualization and gene modification in small intestinal stem cells.
RESULTS

Olfm4
null Animals Do Not Display a Phenotype
Olfm4 was previously identified as a gene enriched in intestinal stem cells by microarray analysis after fluorescence-activated cell sorting isolation of Lgr5+ stem cells. Additionally, the high levels of Olfm4 mRNA in intestinal stem cells have made it a standard marker for visualization of stem cells by in situ hybridization, as shown in previous studies (Potten, 1977; van der Flier et al., 2009a) . These and our analyses showed that the expression pattern of Olfm4 in the small intestine is remarkably similar to that of Lgr5 ( Figures 1A and 1B) . OLFM4 was also shown to be expressed in the stem cell compartment of the human small intestine, the colon, and a subset of colorectal cancers. In the mouse, it is restricted to the small intestine. We generated an Olfm4 null allele to study the function of Olfm4. Homozygous animals lacking Olfm4 mRNA were healthy and fertile, but did not show any detectable phenotype (Figure S1 available online), confirming previous findings (Liu et al., 2010) . Of note, the inserted mCherry served as a roadblock, but was not expressed.
Generation of an Olfm4-IRES-eGFPCreERT2 Allele To visualize live Olfm4 cells and test whether these cells are indeed intestinal stem cells, we generated a KI mouse in which an IRES-eGFPCreERT2 cassette was inserted at the stop codon located in the last exon of the Olfm4 gene (Figure 1D ). This strategy makes use of the endogenous poly A signal and 3 0 UTR of the Olfm4 gene. Figure S1 .
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Olfm4-Driven Genetics in Intestinal Stem Cells secreted protein product, an IRES sequence was used to prevent the fusion protein from being directed to the exocytotic pathway. Southern blot analysis with a probe downstream of the targeted region confirmed correct homologous recombination in approximately 1 in 300 embryonic stem cell (ESC) clones ( Figure 1C ). Blastocyst injection yielded multiple chimeric mice. Heterozygous and homozygous mice were retrieved at the expected Mendelian ratios at birth. Adult transgenic animals showed no obvious abnormalities and displayed a lifespan and fertility comparable to those of wild-type littermates.
Confocal analysis of eGFP-stained small intestines from heterozygous Olfm4-IRES-eGFPCreERT2 adult mice revealed fluorescence localized in small intestinal crypts (Figures 2A-2C ). Olfm4-driven GFP is expressed only in the bottom of the crypts in the slender stem cells, and not in the granulated Paneth cells. Slender GFP+ cells were observed in the bottom of all crypts of the epithelium in the small intestine, but not the colon. We identified Olfm4 as a stem cell marker using the Lgr5-GFP-IRESCreERT2 mouse model. This mouse model expresses GFP in a fraction of all crypts of the small intestine ( Figures   2G-2I ). In contrast, Olfm4-driven GFP expression was found in every crypt of the small intestine ( Figures 2D-2F and S2). To test whether the Olfm4-IRES-eGFPCreERT2 allele would mark cells in vitro, we derived organoids from homozygous Olfm4-IRES-eGFPCreERT2 animals. Organoids were cultured under previously described conditions (Sato et al., 2009 ) and could be maintained for at least 12 weekly passages. GFP expression was observed at the tips of budding crypts in the absence and presence of 4OH-tamoxifen (4OHT), recapitulating the GFP and Olfm4 pattern described previously in vivo (Sato et al., 2009) . Notably, eGFP was observed in the cytoplasm in the absence of 4OHT ( Figures 3A and 3B ). When 4OHT was added to the culture medium, GFP fluorescence completely relocalized to the cell nucleus ( Figures 3C and 3D ), indicating efficient nuclear translocation of the eGFPCreERT2 fusion protein.
Olfm4-Driven eGFPCreERT2 Is Specifically Expressed in the Stem Cells of the Small Intestine
To test the potential of Olfm4-expressing cells to serve as a stem cell reservoir of the intestinal epithelium, we crossed the Olfm4-IRES-eGFPCreERT2 KI mice with Rosa26-LacZ 
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Olfm4-Driven Genetics in Intestinal Stem Cells reporter mice (Soriano, 1999) . Upon injection of tamoxifen, the eGFPCreERT2 enzyme is activated to excise a LoxP-flanked roadblock sequence in Rosa26-LacZ alleles. As a result, Olfm4-expressing cells are genetically marked by an activated LacZ reporter. Moreover, because the process is irreversible, all progeny of Olfm4 cells will bear the same marking, enabling tracing of the lineage over time. Adult mice were injected once with tamoxifen and LacZ staining was performed at 15 hr, 30 hr, 7 days, and 3 months after administration ( Figures 4A-4E ). LacZ+ cells were observed exclusively in the intestine, and not in the colon, stomach, bone marrow, or liver ( Figure S3 ). To visualize the exact location of Olfm4 cells in which tracing initiated, we analyzed LacZ expression within sagittal intestinal sections. After 15 hr, LacZ+ cells appeared between Paneth cells at the crypt bottoms ( Figure 4A ). We quantified the positions at which LacZ+ cells appeared relative to the crypt bottoms ( Figure 4H ). Most LacZ+ cells were detected at positions 0, 1 0 , and 2 0 . These data were remarkably similar to the published quantifications of lineagetracing initiation in Lgr5-EGFP-IRES-CreERT2 KI mice (Barker et al., 2007 ; Figure 4H ). Longer tracing experiments showed that the Olfm4+ cells repopulated the entire intestinal epithelium within 7 days, as has been shown for Lgr5 stem cells ( Figure 4C ). These cells were able to maintain the epithelium for at least 3 months ( Figure 4D ). To determine whether Olfm4-IRES-eGFPCreERT2-expressing cells give rise to all the lineages in the intestinal epithelium, we selected crypts in which low induction efficiency caused labeling of a small number of stem cells and, as a result, individual daughter cells. We observed that Olfm4-expressing cells were able to generate all major intestinal cell types, namely, Paneth cells, enterocytes, enteroendocrine cells, and goblet cells ( Figures 4E-4G ), thus proving that Olfm4 is a bona fide intestinal stem cell marker.
Olfm4-IRES-eGFPCreERT2-Driven DNA Recombination Is Highly Efficient
In order to maximize Cre-mediated DNA recombination, we injected mice with three daily doses of tamoxifen and compared the recombination efficiency after 7 days in mice that received a single dose or no tamoxifen. We scored approximately 1,000 crypts per condition and found that the animals that had received 1 dose of tamoxifen were expressing LacZ in 48% of the crypts ( Figure 4I ). In contrast, in animals that had received three tamoxifen injections, 
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Olfm4-Driven Genetics in Intestinal Stem Cells 88% of the crypts of the small intestine were expressing the LacZ reporter ( Figures 4I and 4J ). Noninjected mice showed very rare background tracing events ( Figures 4I and S4 ). Taken together, these results show that Olfm4 is expressed in the stem cells of the small intestine, and the eGFPCreERT2 KI allele allows for efficient genetic manipulation of these cells.
DISCUSSION
The availability of Lgr5 as a specific marker for stem cells in the intestine and other tissues has allowed the unequivocal identification of intestinal stem cells, as well as molecular profiling (Muñoz et al., 2012) , the establishment of culture methods (Sato et al., 2009) , and the identification of signaling cascades involved in stem cell homeostasis (de Lau et al., 2011) . Although the identification of Lgr5 and the generation of the Lgr5-GFP-IRES-CreERT2 KI mouse were pivotal for the identification of intestinal stem cells (Barker et al., 2007) , the low expression levels of Lgr5 and the mosaic expression of the first KI allele have limited Lgr5's use as a marker for stem cells. For example, cell ablation studies are not possible due to the suboptimal penetrance in this particular model. Olfm4 was reported to be a highly specific stem cell marker (H) The frequency at which blue cells appeared at specific locations was counted relative to the crypt bottom 15 hr after induction of tracing. Results are depicted as the means of five independent stretches of proximal small intestine totaling >300 crypts. Most Cre LacZ-labeled cells occurred at stem cell positions 1 0 and 2 0 , which are highly similar to the positions where Lgr5 stem cells reside. Quantitative data on the start position of lineage tracing with the use of Lgr5-EGFP-IRES-CreERT2 KI mice were published previously (Barker et al., 2007) . The graph shows a comparison between the initial tracing positions of both mouse models. (I) Efficiency of Cre-mediated DNA recombination. Animals heterozygous for the Olfm4-IRES-eGFPCreERT2 allele and carrying the R26R-LacZ reporter were induced with either three daily tamoxifen injections or one single injection, or not induced at all. Three stretches of 330 crypts were then evaluated for LacZ reporter gene expression and the average efficiency was plotted. Error bars, SD. (J) Whole-mount image of LacZ staining 7 days after induction of the eGFPCreERT2 fusion gene with tamoxifen. After three daily tamoxifen injections up to 88% of the crypts are recombine and LacZ expressing progeny occupies all villi of the small intestine. Scale bars, 50 mm. See also Figure S4 . Muñoz et al., 2012; van der Flier et al., 2009a) and noted for the high levels of RNA in the stem cells (Muñoz et al., 2012) . Recently, a pool of noncycling stem cells was identified in the pool of Lgr5+ crypt cells (Buczacki et al., 2013) . Because of the highly similar expression profiles of Olfm4 and Lgr5, it is likely that these cells are also marked by Olfm4. Here, we have described the generation of an Olfm4-IRES-eGFPCreERT2 allele that allows the visualization of stem cells of the small intestine, as well as the genetic manipulation of these cells.
In contrast to some of the previously described mouse models (Barker et al., 2007) , the Olfm4-IRES-eGFPCreERT2 allele is expressed in all crypts of the intestine and is not silenced. In individual crypts, Olfm4-IRES-eGFPCreERT2 is expressed in all of the stem cells that are also marked by Lgr5, including the label-retaining stem cells (Buczacki et al., 2013) and the so-called ''border cells'' (Ritsma et al., 2014) . This allows for the quantitative manipulation of the entire stem cell pool. Replenishment of the intestinal epithelium occurs via a pattern of neutral drift dynamics (Lopez-Garcia et al., 2010; Ritsma et al., 2014; Snippert et al., 2010) in which ''unhealthy'' stem cell clones are rapidly lost. In previous studies, competition of wild-type stem cells with genetically altered stem cells made it difficult to discern phenotypes (van der Flier et al., 2009b) . The complete penetrance of the Olfm4-IRES-eGFPCreERT2 allele circumvents this problem by allowing the simultaneous alteration of a large majority of the stem cells, favoring the new genotype. In our analysis of the Olfm4-IRES-eGFPCreERT2 allele, we found a limited activation of the Rosa-LacZ reporter in the absence of tamoxifen; however, this does not influence the usefulness of this model for cell ablation studies.
We also show the Olfm4-driven expression of GFP in organoid cultures derived from Olfm4-IRES-eGPCreERT2 animals, where it is observed exclusively in the slender cells between the Paneth cells at the bottom of the crypt-like buds of the cultures. Due to the rapid expansion of the organoids in this culture model, the Paneth and stem cell domain is enlarged, and Olfm4-driven GFP expression marks the complete stem cell pool in these cultures.
In contrast to Lgr5, the expression of the introduced eGFPCreERT2 fusion gene was limited to cells of the small intestine only. This restricted expression pattern has some potential advantages, such as the possibility of targeting intestinal stem cells without altering stem cell pools in other tissues. OLFM4 was identified in cells of the myeloid lineage, and OLFM4 RNA was observed in human colon, stomach, and bone marrow in addition to the small intestine (Zhang et al., 2002) . No LacZ reporter gene expression was detected in these organs in our mouse model. The restricted expression pattern may reflect a more limited function of Olfm4 in the mouse, raising the possibility that other Olfactomedin family members are coexpressed with Lgr5 in other tissues.
In conclusion, the Olfm4-IRES-eGFPCreERT2 allele described here provides a tool, separate from Lgr5, that can be used to further characterize intestinal stem cells.
EXPERIMENTAL PROCEDURES Mice
Olfm4-IRES-eGFPCreERT2 KI mice were generated with the use of the KI construct as depicted in Figure 1C . The targeting construct (100 g) was linearized and transfected into male 129/Ola-derived IB10 ESCs by electroporation (800 V, 3 mF). Recombinant ESC clones expressing the neomycin gene were selected in medium supplemented with G418 (200 g/ml). Approximately 500 recombinant ESC clones were screened by Southern blotting. Positive clones were injected into C57BL/6 blastocysts with the use of standard procedures. The neomycin selection cassette was flanked by LoxP recombination sites and excised in vivo by crossing the mice with the PGK-Cre mouse stain (Lallemand et al., 1998) . Rosa26-LacZ Cre reporter mice were obtained from The Jackson Laboratory. Eight-week-old mice were analyzed for eGFP signals or injected intraperitoneally with 200 ml tamoxifen in sunflower oil at 10 mg/ml. All procedures were performed in compliance with local animal welfare laws, guidelines, and policies.
Histology, In Situ Hybridization, Immunofluorescence Labeling, and Galactosidase Assay For in situ hybridizations, tissues of mice were fixed in 4% paraformaldehyde (PFA), paraffin embedded, and sectioned at 3-6 mm. The generation of probes targeting Lgr5 and Olfm4 was previously described (Tian et al., 2011; van der Flier et al., 2009a) . The protocols used for in vitro transcription and in situ hybridization were previously described (Gregorieff et al., 2005) . Immunofluorescence sample preparation was performed according to Snippert et al. (2011) . The eGFP signal was enhanced using an Alexa-488-coupled rabbit-anti-GFP antibody (Invitrogen; 1:1,000 1 hr at room temperature) diluted in PBS, 2% normal goat serum, and 0.1% Triton X-100. DNA was counterstained using ToPro-3 (1:1,000; Invitrogen) or 4 0 ,6-DAPI.
For fluorescence imaging, cultures were fixed (2% PFA, overnight at 4 C), permeabilized (0.2% Triton X-100/PBS), blocked (2% goat serum/0.1% Tween 20/PBS), and incubated in Alexa-488-coupled rabbit-anti-GFP (Invitrogen; 1:1,000, 1 hr at room temperature). Fluorescence was detected with TOPRO-3 or DAPI counterstaining (Invitrogen). Images were captured using a SP5 confocal microscope (Leica Microsystems).
LacZ staining was performed as previously described (Barker et al., 2007) . Five stretches of proximal intestine totaling >300 crypts were counted. In addition, the number of tracing events was counted at the most proximal part of intestines at different time points and normalized for the size of the area. At least two mice per time point were analyzed and the relative amount of tracings after 1 day was set at 100%.
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Organoid Culture
Mouse organoids were established and maintained as described previously (Sato et al., 2009 ) from isolated crypts of the proximal small intestine (the first 4 cm).
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